TeV Scale Seesaw and a flavorful Z' at the LHC by Chen, Mu-Chun & Huang, Jinrui
UCI-TR-2009-20
TeV Scale Seesaw and a flavorful Z ′ at the LHC
Mu-Chun Chen1, ∗ and Jinrui Huang1, †
1Department of Physics & Astronomy, University of California, Irvine, CA 92697-4575, USA
(Dated: October 25, 2018)
Small neutrino masses and their large mixing angles can be generated at the TeV scale by augment-
ing the Standard Model with an additional generation dependent, anomaly-free U(1)ν symmetry,
in the presence of three right-handed neutrinos. The Z′ gauge boson associated with the breaking
of the U(1)ν symmetry can be produced at the LHC. The flavorful nature of the Z
′ can be estab-
lished by measuring its non-universal couplings to the charged leptons as determined by the lepton’s
U(1)ν charges, which also govern the neutrino flavor structure. While the LHC has the potential of
discovering the Z′ up to MZ′ = 4.5 TeV with 100 fb
−1 data at the center of mass energy
√
s = 14
TeV, to establish the flavorful nature of the Z′ requires much higher integrated luminosity. For our
bench mark parameters that are consistent with neutrino oscillation data, at
√
s = 14 TeV, a 5σ
distinction between the dielectron and dimuon channels for MZ′ = 3 TeV requires 500 fb
−1 of data.
We find that the forward backward asymmetry distributions can also be useful in distinguishing the
dielectron and dimuon channels in the low invariant mass and transverse momentum regions.
I. INTRODUCTION
The Z ′ gauge boson [1] associated with the breaking
of a U(1)′ symmetry is predicted in many extensions
of the Standard Model, such as the left-right symmet-
ric model [2], Grand Unified Theories (GUT) based on
SO(10) [3] and E6 [4, 5], and string inspired models [6].
If the U(1)′ is flavor universal, it can only be the U(1)B-L
in order to ensure the cancellation of all gauge anomalies.
By allowing the SM fermions to have generation depen-
dent U(1)′ charges, the U(1)ν , which differs from U(1)B-L,
may play the role of a family symmetry which gives rise
to fermion mass hierarchy and mixing patterns a´ la the
Froggatt-Nielson mechanism [7]. While [8] found that
to have realistic fermion mass and mixing patterns the
U(1)′ must be anomalous (and thus the U(1)′ scale must
be close to the string scale), more recent studies [9–11]
have shown that realistic fermion mass and mixing pat-
terns can arise from a non-anomalous U(1)′ symmetry,
and thus allowing the U(1)′ scale to be as low as a TeV.
In addition, all gauge anomalies can be cancelled with no
exotic fields other than the right-handed neutrinos.
In the U(1)ν model [9], which is based on the SM aug-
mented with an additional generation-dependent, non-
anomalous U(1)ν , small neutrino masses and their large
mixing angles are generated at the TeV scale with all
Yukawa coupling constants of the order of unity. Since
the leptons are allowed to have generation dependent
U(1)ν charges in this model, the Z
′ gauge boson, which
can be produced at the LHC, couples to the leptons
non-universally. Even though the Z ′ couplings to the
fermions are non-universal, all flavor changing neutral
currents (FCNCs) [12] can still be satisfied. (More details
are given in later sections.) In this paper, we study the
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LHC’s discovery potential of the Z ′ in the U(1)ν model.
Specifically we concentrate on the capability of the LHC
to distinguishing the U(1)ν charges of the leptons, which
is important in differentiating the generation-dependent
U(1)′ from the flavor universal case [1, 13, 14]. In ad-
dition to the searches of the resonance in the invariant
mass distribution of the dilepton channels Z ′ → `+`−
(` = e, µ), we also study the prospects of using the for-
ward backward asymmetry distributions to distinguish
different dilepton channels.
The paper is organized as follows. In Section II, we
briefly review the anomaly-free U(1)ν model. Section III
shows the discovery potential of the Z ′ in the U(1)ν
model at the LHC as well as the capability of the LHC
to distinguish different dilepton decay channels using
the forward backward asymmetry distributions. In Sec-
tion IV, a more general allowed parameter space for a
generation dependent anomaly-free U(1) model is given.
Section V concludes the paper.
II. THE TEV SCALE SEESAW MODEL WITH
A NON-ANOMALOUS U(1)ν SYMMETRY
The U(1)ν model extends the SM gauge group by an
additional U(1) symmetry. Because the SM fermions are
allowed to have generation dependent U(1)ν charges, the
non-anomalous U(1)ν symmetry can be different from
U(1)B−L. All gauge anomalies are cancelled in the model
with no exotic fermions other than the three right-handed
neutrinos, νRt (t = 1, 2, 3). The U(1)ν symmetry is bro-
ken at the TeV scale by the vacuum expectation value
(VEV) of the scalar field, φ, which has U(1)ν charge of
+1 and it is a singlet under the SM gauge group.
In the conventional seesaw mechanism [15], the seesaw
scale is generally on the order of 1014−16 GeV, which
is close to the grand unification scale, making it inac-
cessible to the collider experiments. In the TeV scale
seesaw model [9] we consider, due to the U(1)ν symme-
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2try, the usual dimension-4 and dimension-5 operators for
neutrino masses are forbidden; neutrino masses are gen-
erated by operators with higher dimensionality, thus al-
lowing the seesaw scale to be lowered to a TeV. The com-
plete Yukawa Lagrangian in the lepton sector is given as
follows,
LYukawa = −
[ 3∑
m,m′=1
Γlmm′
Λ
(
gφ
Λ
φ
)qmm′
`cLm`Lm′HH
+
3∑
m,t
Γνmt
(
gφ
Λ
φ
)pmt
`LmνRtH
+
3∑
t,t′
Γntt′
(
gφ
Λ
φ
)rtt′
νcRtνRt′
+
3∑
k,k′
Γekk′
(
gφ
Λ
φ
)skk′
`LkeRk′ H˜ + h.c.
]
, (1)
where `L and eR denote the left-handed and right-handed
charged leptons, respectively, H is the SM Higgs, and
H˜ = iσ2H†. The matrices Γlmm′ , Γ
ν
mt, Γ
n
tt′ , Γ
e
kk′ are
the Yukawa couplings with m, m′, t and t′ being the
generation indices for leptons, while Λ is the cut-off scale
of U(1)ν . When the φ field gets a VEV, the U(1)ν sym-
metry is spontaneously broken, and all lepton masses are
generated. Neutrino masses are suppressed by powers
of  ≡ gφ <φ>Λ . If the powers are large enough, with
 ∼ (0.1), the cutoff scale Λ can be as low as a TeV.
The resulting mass matrices in the lepton sector are
characterized by the exponent matrices, which are de-
termined by the fermions’ U(1)ν charges, zf . Assuming
that the quark and charged lepton masses are generated
through dimension-4 operators, using gauge invariance
and the six anomaly cancellation conditions, these mass
matrices are determined by five independent parameters,
zq, a, b, a
′ and b′ [9]. We further require that the sec-
ond and third generations of charged leptons have the
same charges and similarly for the right-handed neutri-
nos (a′ = 0, b′ = 0), as motivated by the maximal mixing
between νµ and ντ . Since the φ field is the only source
of the U(1)ν breaking, it follows that the Higgs charge
U(1)ν vanishes, zH = 0. Consequently, there is no mix-
ing between the SM Z and the Z ′ at the tree level. The
Z−Z ′ mixing can be induced at one-loop through the the
self-energy diagram, ΠZZ′ . This RG-induced Z−Z ′ gives
rise to the following contribution [16] to the ρ parameter
∆ρ ∼ (∆M
2
ZZ′)
2
|M2Z′ −M2Z |M2Z
∼ 1
(16pi2)2
(gzQzgz′zfm
2
f )
2
|M2Z′ −M2Z |M2Z
.
(2)
Here the term ∆M2ZZ′ arises due to ΠZZ′ ; it depends on
the fermionic Z couplings, gzQz, the fermionic Z
′ cou-
pling, gz′zf , and the mass of the loop fermion, mf . The
electroweak precision measurements require extra contri-
bution to ρ parameter to be smaller than ∼ 10−4 [17–
19]. While this in turn constrains our parameter space
for a and b, we have checked explicitly as shown in the
subsequent sections that for MZ′ ∼ 1 TeV, all parame-
ters considered in our model can satisfy the experimental
precision electroweak constraints. The U(1)ν charges of
various fields are summarized in Table I.
The exponent matrices that parametrize the neutrino
left-handed Majorana, Dirac, and right-handed Majo-
rana mass matrices are given by,
p =
 −2(a− b) −(2a+ b) −(2a+ b)a+ 2b a− b a− b
a+ 2b a− b a− b
 (3)
q =
 c+ 4a c+ a c+ ac+ a c− 2a c− 2a
c+ a c− 2a c− 2a
 (4)
r =
 c+ 4b c+ b c+ bc+ b c− 2b c− 2b
c+ b c− 2b c− 2b
 , (5)
respectively, where c = − 23 a
2+ab+b2
a+b . The exponent ma-
trix for the charged lepton mass matrix is given by,
s =
 0 −3a −3a3a 0 0
3a 0 0
 . (6)
Note that only elements which are integers are allowed in
the exponent matrices, since the numbers of flavon field
involved in the Froggatt-Nielson diagrams must be inte-
gers [7]. Also for the case of negative integer elements, we
insert φ† field which has the U(1)ν charge of -1 instead
of φ field defined in the Eq. 1. By having non-integer ex-
ponents thus provides a way to generate texture zeros in
the mass matrices. With this, neutrinos in this model can
either be Dirac or Majorana fermions and both normal
and inverted mass orderings can be accommodated.
By allowing generation dependent lepton charges, tree-
level FCNCs may arise through the (1, 2) and (1, 3) off-
diagonal elements in the charged lepton mass matrix. In
the case of 3a being an non-integer, all off-diagonal ele-
ments vanish and thus all tree-level FCNCs are avoided
albeit having generation dependent lepton charges un-
der the U(1)ν . Furthermore, an integral value for |3a| is
allowed as long as it is large enough to satisfy all experi-
mental constraints on FCNCs, as the branching fractions
of these processes, including µ+ → e+e−e+, µ → e con-
version in nuclei, τ → ``′`′′, and τ → `+hadron(s), are
roughly proportional to (|3a|)2. The gauge boson Z ′
couples to the fermions through
Lgauge = −gz′
[ 3∑
m=1
(zqmqLmγ
µZ ′µqLm + zumuRmγ
µZ ′µuRm
+zdmdRmγ
µZ ′µdRm + z`m`Lmγ
µZ ′µ`Lm
+zemeRmγ
µZ ′µeRm) +
3∑
t=1
zνtνRtγ
µZ ′µνRt
]
, (7)
in which gz′ is the U(1)ν gauge coupling constant. And
the gauge couplings of the Z ′ to the fermions are de-
termined by the U(1)ν charges of the fermions. In the
3lepton sector, these charges also dictate the neutrino mix-
ing patterns. Given that its mass MZ′ =
gz′
2 〈φ〉 is on the
order of a TeV, the Z ′ can be produced at the LHC. The
U(1)ν model can thus be tested at the collider experi-
ments through the dilepton decay channels.
Field U(1)ν charge
qL, uR, dR − 19 a
2+ab+b2
a+b
`L1 , eR1
−5a2−5ab+b2
3(a+b)
`L2 , `L3 , eR2 , eR3
(2a+b)2
3(a+b)
νR1
a2−5ab−5b2
3(a+b)
νR2 , νR3
(a+2b)2
3(a+b)
H 0
φ 1
TABLE I: The U(1)ν charges of the SM fermions, SM Higgs
field H, and the SM singlet flavon field, φ.
III. COLLIDER SIGNATURES OF THE U(1)ν
MODEL
In the U(1)ν model, the SM leptons can have gener-
ation dependent U(1)ν charges, leading to non-universal
couplings to the Z ′. We investigate the capability of
various kinematic variables to distinguish the charged
lepton U(1)ν charges through the dilepton decay chan-
nels, Z ′ → `+`−. As a sample model point, we set
a = 13/3 and b = −5/3, which gives quark and lep-
ton U(1)ν charges as summarized in Table II. In addi-
tion to being free of all gauge anomalies, these charges
lead to realistic neutrino mass and mixing patterns, and
satisfy all FCNC and electroweak precision measurement
constraints. Furthermore, we take the gauge coupling
parameter gz′ = 0.1 in the analyses presented hereafter.
In the example given above, neutrinos are Dirac particles
since only the terms related to the matrix p contribute to
the masses of neutrinos. The predicted absolute neutrino
masses are, m3 ' 0, m1 = 0.05 eV,m2 = 0.05075 eV with
 = 0.001. These masses satisfy both experimental limits
on ∆m2atm and ∆m
2
, and they are of the inverted hierar-
chical ordering. All tree-level FCNC processes are highly
suppressed as these sample model parameters lead to a
highly suppressed value for |6a| = 0.00126 = 10−78. For
MZ′ ∼ 1 TeV and gZ′ ∼ 0.1, the one-loop contribution
to Z − Z ′ mixing for our bench mark model parameters
is on the order of ∼ 10−4. This gives rise to ∆ρ approx-
imately ∼ 10−9, which satisfies the current experimental
constraints.
Field U(1)ν charge
qL, uR, dR zq = − 4372
`L1 , eR1 z`1 = − 558
`L2,3 , eR2,3 z`2 = z`3 =
49
8
νR1 zν1 =
41
8
νR2,3 zν2 = zν3 =
1
8
H zH = 0
φ zφ = 1
TABLE II: The U(1)ν charges of SM fermions, Higgs field H
and scalar field φ in the specific case of a = 13/3, b = −5/3,
and gz′ = 0.1.
A. The Z′ Discovery Potential at the LHC
The Z ′ may be discovered by detecting excess signals
from backgrounds near its resonance in the dilepton in-
variant mass distribution. We first calculate the leading
order (LO) cross section of the exclusive Z ′ production,
PP (qq¯)→ Z ′ → e+e−/µ+µ−, at the LHC with the cen-
ter of mass energy
√
s = 14 TeV. Since the Z ′ decay
width is narrow, we neglect the interference term be-
tween the Z ′ and the SM gauge bosons. The cross section
σ(PP (qq¯)→ Z ′ → e+e−/µ+µ−) is given by,
σ(PP (qq¯)→ Z ′ → `+`−) = g
4
z′z
2
q (z`m)
2
48pi
(8)
×
∑
q=u,d,c,s,b
∫ 1
0
∫ 1
0
∫ 1
−1
dx1 dx2 d(cos θˆ)f
P
q (x1, Q
2)fPq¯ (x2, Q
2)
sˆ(1 + cos2 θˆ)
(sˆ−M2Z′)2 + (MZ′ΓZ′)2
.
Taking Q2 = M2Z′ and integrating out cos θˆ, with θˆ being the angle between the incoming annihilating quark and
outgoing negatively charged lepton in the dilepton center of mass frame, the total cross section is simplified to
σ(PP (qq¯)→ Z ′ → `+`−) = g
4
z′z
2
q (z`m)
2
18pi
∑
q=u,d,c,s,b
∫ 1
0
∫ 1
0
dx1 dx2f
P
q (x1,M
2
Z′)f
P
q¯ (x2,M
2
Z′)
sˆ
(sˆ−M2Z′)2 + (MZ′ΓZ′)2
,
(9)
4and the total Z ′ decay width becomes
ΓZ′ =
g2z′MZ′
36pi
[
23
(
a2 + ab+ b2
3(a+ b)
)2
+ βt
(
1 + 2
m2t
M2Z′
)(
a2 + ab+ b2
3(a+ b)
)2
+ 27a2 + 9b2
]
, (10)
where βt =
√
1− 4m2t/M2Z′ and mt is the top quark
mass. In Eq. 8 and 9, fPq (x1, Q
2) and fPq¯ (x2, Q
2) are par-
ton distribution functions for the protons with sˆ = x1x2s.
For our choice of parameters, neutrinos are Dirac parti-
cles and thus the right-handed neutrinos in this model
can be very light. This allows the Z ′ to decay into right-
handed neutrino pairs; this decay channel has been in-
cluded, along with the decay channel of Z ′ into the SM
fermions, in the total decay width given by Eq. 10.
The current experimental limit for MZ′ is ∼ (900 GeV-
1 TeV) [20–22]. While CDF Run II has discovered at 2.5σ
significance an excess at the dielectron invariant mass of
240 GeV [23], this excess has not been confirmed by DØ
nor has a similar excess been discovered in the dimuon
channel. To be conservative, we consider in our analyses
MZ′ ≥ 1 TeV.
The main backgrounds which can mimic the signal
events Z ′ → e+e− and Z ′ → µ+µ−, can be catego-
rized into two types, the reducible and irreducible back-
grounds. Without any selection cuts, the dominant QCD
backgrounds are inclusive jets, W+jets, W + γ, Z+jets,
Z+γ, γ+jets, and γ+γ, which are caused by jets or pho-
tons faking the electrons or muons. These backgrounds
can be reduced by applying lepton identification crite-
ria and an isolation cut, which reject fake electrons with
a rejection factor Re−jet = 4 × 103 in the case of jets
and Re−γ = 10 in the case of photons [24]. The QCD
jet backgrounds can be further reduced by applying addi-
tional geometrical acceptance of |η| < 2.5 [25] and by im-
posing the transverse momentum cuts [24] which require
Pt ≥ 65 GeV for electrons and Pt ≥ 30 GeV for muons.
Since the two leptons are more likely to fly back to back in
the detector, we also require the azimuthal angle between
the two outgoing leptons to be |∆φ``| > pi2 (though this
does not affect either the signals or backgrounds most
of the time). After these selection cuts, which are sum-
marized in Table III, the dominant backgrounds are the
irreducible backgrounds, which mainly come from the SM
Drell-Yan processes. Other processes like decay products
from WW , WZ, ZZ and tt¯ etc., can be ignored since
their cross sections are very small. Hence, in our study,
Z ′ → e+e− and Z ′ → µ+µ− and only the SM Drell-Yan
processes are simulated in PYTHIA [26]. To generate the
SM Drell-Yan processes more efficiently, we also require
mˆ =
√
sˆ > 500 GeV.
With these selection cuts, Fig. 1 shows the the cross
sections of Z ′ → e+e− and Z ′ → µ+µ− in the U(1)ν
model as a function of the Z ′ mass. The dilepton invari-
ant mass distributions in the e+e− and µ+µ− channels
for MZ′ = 1.5 TeV are shown in Fig 2. The SM back-
grounds, which are almost identical for both channels at
the tree level since the gauge couplings of Z and γ to the
SM fermions are universal, are highly suppressed in the
Z ′ resonance region, allowing a clear distinction between
the signals from the backgrounds.
Mz'(GeV)1000 2000 3000 4000 5000
(fb
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σ
-110
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-µ+µZ'->
FIG. 1: Cross Sections of Z′ → e+e− and Z′ → µ+µ− as a
function of the Z′ mass.
Z′ → e+e− Z′ → µ+µ−
Pt(e) > 65 GeV Pt(µ) > 30 GeV
|∆φ``| > pi2
η(`) < 2.5
TABLE III: Selection criteria for the Z′ → e+e− and Z′ →
µ+µ− decay channels.
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/d
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FIG. 2: Dilepton invariant mass distributions MZ′ = 1.5 TeV
at
√
s = 14 TeV. The black solid line represents the Z′ →
e+e− channel, while the red dashed line is the Z′ → µ+µ−
channel. The blue dotted line is the SM backgrounds for both
channels, which are almost identical for both channels at the
tree level since Z and γ couple to SM fermions universally.
5To deduce the Z ′ discovery potential, we use the usual
counting method. Let S be the number of Z ′ signal
events, which satisfies |M`` − MZ′ | < 2ΓZ′ and B be
the number of SM Drell-Yan background events. Both S
and B satisfy the aforementioned selection cuts. One can
then define the variable S/
√
B ≡ σS ∗L/
√
σB ∗ L, where
σS and σB respectively are the total cross sections of the
signal and background events, and L is the integrated
luminosity. A 5σ Z ′ discovery corresponds to S/
√
B > 5
while a 2σ exclusion corresponds to S/
√
B < 2. With
100 fb−1 of integrated luminosity and center of mass en-
ergy
√
s = 14 TeV, there are 4151 signal events and 102
Drell-Yan background events for the case of MZ′ = 1.5
TeV in the dielectron channel. For the dimuon channel,
the numbers of signal events and background events are
3104 and 108, respectively. In the case of
√
s = 10 TeV
and MZ′ = 1 TeV, with 200 pb
−1 of data, there are 20
signal events in the dielectron channel and ∼ 17 signal
events in the dimuon channel, both with less than 1 event
from the SM backgrounds. Fig. 3 shows the integrated
luminosity required for a 5σ Z ′ discovery through both
the electron and muon channels at
√
s = 14 TeV. Since
the counting method works for a large amount of events
which satisfy the Gaussian distribution, we further re-
quire the number of signal events S > 10. Therefore,
with 100 fb−1 of data, the LHC can discover a Z ′ with a
mass up to 4.5 TeV at
√
s = 14 TeV.
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FIG. 3: Integrated luminosity required for a 5σ Z′ discovery,
with S/
√
B > 5 and S > 10 at
√
s = 14 TeV.
B. Establishing the Z′ Flavor Dependence with
Decay Branching Fractions
While there is a great potential for the Z ′ discovery
at the LHC during its early low luminosity running as
shown in the previous section, to establish the flavor-
ful nature of the Z ′, after it has been discovered in the
dilepton channels, turns out to be more difficult. Since
in the U(1)ν model, the electron and muon are allowed
to have different U(1)ν charges, the ratio of the decay
branching fractions, Reµ =
B(Z′→e+e−)
B(Z′→µ+µ−) , can in general
differ from 1. The ratio Reµ depends on the parameter,
Zφ =
−3(a+b)
a2+ab+b2 , which is given in terms of the charge
parameters a and b, as
Reµ =
B(Z ′ → e+e−)
B(Z ′ → µ+µ−) =
(
z`1
z`2
)2
=
(
1 + 2aZφ
1− aZφ
)2
.
(11)
If the Z ′ is also discovered in the tt channel, by measuring
Reµ and the ratio of the decay branching fractions of
e+e− to tt channels,
Ret =
B(Z ′ → e+e−)
B(Z ′ → tt¯) = (
z`1
zq
)2 = 3(1 + 2aZφ)
2 , (12)
a unique determination of aZφ can be obtained (see
Fig. 4).
φaZ
-4 -3 -2 -1 0 1 2 3 4 5 6
Ra
tio
 o
f B
ra
nc
hi
ng
 F
ra
ct
io
n
0
5
10
15
20
25
30
35
40
)-µ+µ →)/B(Z' -e+ e→B(Z' 
)t t→)/B(Z' -e+ e→B(Z' 
FIG. 4: Ratios of branching fractions (Reµ and Ret) as a
function of variable Zφ =
−3(a+b)
a2+ab+b2
.
It is to be noted that when aZφ = −1/2, the branch-
ing fraction of Z ′ → e+e− vanishes, as the electron is not
charged under the U(1)ν in this case. Consequently, if
the Z ′ is discovered in the dimuon and (or) tt¯ channels,
and if there is no evidence in the dielectron channel, this
then suggests that the U(1)′ symmetry is flavor depen-
dent. Similarly, if aZφ = 1, then the left-handed muon is
not charged under the U(1)′. Thus one would expect a
discovery in the dielectron channel, but not in the dimuon
channel. In principle, if we can detect and measure all
Z ′ decay channels precisely enough, we can determine
the parameters a and b, which are the parameters that
predict neutrino mixing angles, mass ordering and their
Dirac versus Majorana nature.
Our bench mark point, z`1 = −55/8 and z`2 = 49/8,
predicts a ratio of the branching fractions of Reµ =
(55/49)2 ≈ 1.26. To study the integrated luminosity re-
quired for distinguishing the e+e− and µ+µ− channels
at 5σ using the counting method, we define the following
variable,
D√
B
=
σee ∗ L− σµµ ∗ L√
σµµ ∗ L
, (13)
where σee and σµµ are the cross sections of the e and µ
events. The parameter D thus gives the difference in the
6numbers of events between Z ′ → e+e− and Z ′ → µ+µ−.
If D/
√
B > 5, the difference between the dielectron and
dimuon events is above 5σ significance. Similar to the re-
quirement of S > 10 discussed previously, we also require
D > 10. The integrated luminosity required as a func-
tion of the Z ′ mass is shown in Fig. 5. At
√
s = 14 TeV
with 500 fb−1 of data, a statistically significant distinc-
tion between the branching fractions for e and µ chan-
nels can be obtained up to MZ′ = 3 TeV. For the case of√
s = 10 TeV, to distinguish the dielectron and dimuon
channels, more data are needed. For MZ′ = 1.0 TeV, to
get D/
√
B > 5 and D > 10, an integrated luminosity of
8.32 fb−1 is needed.
Mz'(GeV)
1000 2000 3000 4000 5000
)
-
1
L(f
b
1
10
210
310
410
FIG. 5: Integrated luminosities required at
√
s = 14 TeV to
distinguish the dielectron and dimuon channels at 5σ signifi-
cance for different Z′ mass assumptions.
C. Establishing the Z′ Flavor Dependence with
Forward Backward Asymmetry Distributions
Even though the flavorful nature of the Z ′ can be de-
termined by measuring the ratio of branching fractions,
Reµ, as discussed above, since the ratio of branching frac-
tions depends on the square of the charged lepton U(1)ν
charges, the measurement of Reµ cannot tell the relative
sign between z`1 and z`2 . On the other hand, the sign
of the U(1)ν charge can be determined by measuring the
forward backward asymmetry distribution, AFB, as AFB is
due to the interference between the Z ′ and the SM gauge
bosons, Z and γ, which can be small, especially near the
Z ′ resonance as discussed in Section III A. Hence, this
measurement requires a large amount of data, which may
be possible at the SLHC [27] allowing an instantaneous
luminosity of 1035 cm−2s−1.
The forward backward asymmetry, AFB, is defined as,
AFB ≡ σF − σB
σF + σB
, (14)
where the total cross sections of the forward and back-
ward events are given by
σF =
∫ 1
0
d cos θ
dσ(PP¯ → l+l−)
d cos θ
, (15)
σB =
∫ 0
−1
d cos θ
dσ(PP¯ → l+l−)
d cos θ
, (16)
and the angle θ is defined as the angle between the direc-
tion of the outgoing negatively charged lepton with re-
spect to the direction of the incoming annihilating quark
in the lab frame. Note that this is different from the
usual θˆ angle which is the angle defined in the center of
mass frame, and the angles θ and θˆ are related by
dσ(PP¯ → l+l−)
d cos θ
=
dσ(PP¯ → l+l−)
d cos θˆ
d cos θˆ
d cos θ
. (17)
We can thus calculate the cross section in the center of
mass frame (the general formula can be found in [28])
and transform it from the center of mass frame to the
lab frame (the formula can be found in [29]).
Due to an intrinsic ambiguity in deciding which pro-
ton the quark comes from, it is still tricky to determine
cos θ. Inspired by [30, 31], we therefore define cos θ∗ with
θ∗ being the angle between the direction of the nega-
tively charged lepton with respect to the direction of the
proton which contributes the annihilating quark in the
lab frame. Since experimentally, it is hard to determine
which proton contributes to the quark, due to the fact
that a quark in the proton typically carries a larger mo-
mentum fraction than does an antiquark, we assume that
the longitudinal motion of the dilepton system is in the
direction of the proton which contributes the annililating
quark in the lab frame [31].
To understand how well cos θ∗ describes the variable
cos θ, we compare the lego plot of cos θtrue versus η
(Fig. 6) and the lego plot of cos θ∗ versus η (Fig. 7), where
θtrue is the Monte Calo true angle between the direction
of the negatively charged lepton and that of the annihi-
lating quark. In these two figures, the events generated
include the full interference structure of γ/Z/Z ′ and sat-
isfy the transverse momentum cut Pt(e) > 65 GeV or
Pt(µ) > 30 GeV, back to back selection cut |∆φ``| > pi2 ,
and the requirement that the invariant mass of the dilep-
ton system is within the range of 500 GeV to 2000 GeV.
We find that cos θ∗ can be used as a good approximation
for cos θtrue. Although those two figures look very similar,
the mistagging rate (that is, cos θ∗ having a wrong sign
compared to cos θtrue) is still high at the low η region,
as shown in Fig. 8. With an additional cut of |η| > 0.8,
the mistagging rate can be reduced to a reasonable level
(∼ 30%) without losing too much data. Therefore, we
use cos θ∗ to approximate cos θtrue when extracting the
forward backward asymmetry in the simulations with the
requirement of 0.8 < |η| < 2.5.
In the case of
√
s = 14 TeV with 500 fb−1 of data,
Fig. 9 shows the forward backward asymmetry distribu-
tion as a function of the dilepton transverse momentum
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FIG. 6: The lego plot of cos θtrue versus η in the dielectron
channel. (The dimuon channel exhibits very similar correla-
tion.)
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FIG. 7: The lego plot of cos θ∗ versus η in the dielectron chan-
nel. (The dimuon channel exhibits very similar correlation.)
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FIG. 8: Mistagging rate as a function of ηe− .
pt for MZ′ = 1.5 TeV, while Fig. 10 shows the forward
backward asymmetry as a function of the dilepton in-
variant mass M``. The uncertainties correspond to the
statistical errors normalized to 500 fb−1 of data. In the
case of
√
s = 10 TeV with 500 fb−1 of data, Fig. 11
and 12 show the forward backward asymmetry as a func-
tion of the transverse momentum and invariant mass,
respectively, for Z ′ mass of 1 TeV. By using the for-
ward backward asymmetry distributions, a clear distinc-
tion between the dielectron and dimuon channels can be
obtained in the low invariant mass and low transverse
momentum regions. As expected, the asymmetry distri-
bution measurements require a large amount of data and
thus can only be achieved in the later stages of the LHC
operation.
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FIG. 9: The forward backward asymmetry distribution as
a function of the dilepton transverse momentum for MZ′ =
1.5 TeV in the case of
√
s = 14 TeV with 500 fb−1 of data.
The red lines represent the electron channel and the dotted
blue lines denote the muon channel. The error bars are the
statistical uncertainties normalized to 500 fb−1 of data.
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FIG. 10: The forward backward asymmetry distribution as
a function of the dilepton invariant mass for MZ′ = 1.5 TeV
in the case of
√
s = 14 TeV with 500 fb−1 of data. The red
lines represent the electron channel and the dotted blue lines
denote the muon channel.
IV. ALLOWED REGION OF PARAMETERS a
AND b
In the above analyses, we concentrate on only one
bench mark point in the parameter space, which gives rise
to realistic neutrino mass and mixing patterns. Without
imposing the constraints from the neutrino sector, it is
possible to have a more general generation dependent,
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FIG. 11: The forward backward asymmetry distribution as a
function of the dilepton transverse momentum for MZ′ = 1
TeV in the case of
√
s = 10 TeV with 500 fb−1 of data. The
red lines represent the electron channel and the dotted blue
lines denote the muon channel.
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FIG. 12: The forward backward asymmetry distribution as
a function of the dilepton invariant mass for MZ′ = 1 TeV
in the case of
√
s = 10 TeV with 500 fb−1 of data. The red
lines represent the electron channel and the dotted blue lines
denote the muon channel.
non-amolaous U(1)′ model. Fig. 13 shows the parameter
space of a and b for which the Z ′ discovery is possible.
Specifically, the values of a and b in the allowed region
gives, 0.01 < ΓZ′MZ′
< 0.1. We require the Z ′ decay width
to be larger than 0.01MZ′ , so that the decay width is wide
enough compared to the detector resolution, and thus en-
abling the Z ′ resonance to be observable. The upper limit
of 0.1 for the ratio of the decay width to MZ′ is imposed
to ensure the narrow width approximation is valid in our
analysis. The direct search limits from the Tevatron can
be translated into constraints on parameters Cu and Cd
(for the definition of Cu,d, see Ref. [20].) In the class of
non-anomalous models we consider, zu = zd, and thus
the Tevatron constraints for MZ′ = 900 GeV [32]
Cq = [(g
L
q )
2 + (gRq )
2]B(Z ′ → `+`−) ≤ 0.01 (18)
translate into Cu = Cd < 0.01, which are equivalent to.
α2(α− 2a)2
(8α2 + 9a2 + 3b2)
< 4.5 ,
α2(α+ a)2
8α2 + 9a2 + 3b2
< 4.5 ,
(19)
for the dielectron and dimuon channels respectively in
our model, with α ≡ −z−1φ = a
2+ab+b2
3(a+b) . Furthermore, to
satisfy the electroweak precision constraints, the parame-
ters (a, b) must be chosen such that z2q < 10
4. Generally,
any TeV scale generation dependent U(1)′ model suffer
severe constraints from flavor changing neutral currents.
This is easily avoided by choosing 3a to be a non-integer,
which naturally gives the texture zeros in the (12), (13),
(21) and (31) entries of the charged lepton mass ma-
trix given by Eq. 3. The FCNC constraints can also be
avoided by having a large integral value for 3a, so that the
off diagonal elements in the charged lepton mass matrix
are highly suppressed. A large parameter space remains
even after removing points for which 3a is an integer.
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FIG. 13: Region of parameter space for (a, b) which satisfies
0.01 <
ΓZ′
MZ′
< 0.1 while satisfying other exsiting experimental
constraints.
V. CONCLUSION
We investigate the collider signatures of a TeV scale
non-anomalous U(1)ν model, which generates at the
TeV scale small neutrino masses and their mixing an-
gles. Since the U(1)ν symmetry, which is different from
U(1)B-L, is generation dependent, all gauge anomalies are
cancelled with no exotic fields other than the three right-
handed neutrinos. Specifically, we have investigated the
LHC’s discovery potential of such a flavorful Z ′. Through
the excess in the dilepton invariant mass distribution, at
9the center of mass energy of
√
s = 14 TeV, the Z ′ of mass
up to 4.5 TeV can be discovered at 5σ with 100 fb−1 of
data. To establish the flavorful nature of Z ′ requires a
distinction between the e+e− and µ+µ− channels. While
it requires a much higher integrated luminosity, it is pos-
sible to distinguish these two decay channels at sufficient
significance level. For the bench mark point we consider
in our analysis, at
√
s = 14 TeV, a 5σ distinction be-
tween the e and µ channels can be obtained with 500
fb−1 of data, for MZ′ up to 3 TeV. At
√
s = 10 TeV,
8.32 fb−1 of integrated luminosity is required for MZ′ =
1 TeV. We have also studied the possibility of measur-
ing the U(1)ν charges of the leptons using the forward
backward asymmetry distributions of the dilepton chan-
nels. With a sufficient integrated luminosity, it is possi-
ble to observe the different asymmetry distributions for
the dieletron and dimuon channels in the low invariant
mass and low transverse momentum regions. This thus
allows to establish the generation-dependent nature of
the U(1)ν model.
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